All-optical switching by using a nondegenerate cascaded second-order nonlinearity is described wherein a phase shift is induced at one frequency owing to the presence of intense light at a different frequency.
It has been recognized that a nonlinear phase distortion from second-order nonlinearities can occur and lead to detrimental effects in second-harmonic generation." 2 More recently, it has been established that this effective degenerate third-order refractive nonlinearity could have applications to all-optical switching. 3 ' 4 The depletion of the fundamental beam in the generation of the second harmonic can be described as a third-order absorptive nonlinearity Im '(3) (although the energy is transferred to another frequency rather than to the material). This imaginary part of the nonlinear susceptibility will also have an associated real part Re X(. Physically this arises as the downconversion of the second harmonic to the fundamental [described by X 2 )( 2 w, -to)] in general occurs out of phase with the original fundamental. Since this process depends on the downconversion, there will be no effect at perfect phase-matching conditions (which is the ideal condition for second-harmonic generation). Indeed, the sign of the effective nonlinearity is opposite on either side of perfect phase matching. 3 In this Letter we extend the cascaded second-order nonlinear refractive process to the nondegenerate regime in which one frequency is used to induce a nonlinear phase shift in light of a different frequency [as opposed to the degenerate case described in Ref. 3 , where the nonlinear phase shift is selfinduced]. This nondegenerate process has as its analogy the nondegenerate Kerr effect n 2 (al, (02) (Ref. 5) in the same manner as the degenerate case has its analogy in the usual single-frequency Kerr effect n 2 (&a). An analogy can also made with degenerate and nondegenerate four-wave mixing. The nondegenerate cascaded process described here has the sum frequency of the two input waves as the intermediate state and then takes the difference frequency between the sum and one of the input waves to regain the original frequency. In terms of the second-order susceptibilities it can be described as a xV (2) The coupled differential equations that describe the evolution of the three electric fields El, E 2 , and E 3 through the media derived from the slowly varying 10 
where (03 = ±01 + (02, Ak = ki + k 2 -k 3 is the phase mismatch; n,, n 2 , and n 3 are the refractive indices at frequencies (0l, (02, and (03, respectively; and c is the speed of light in vacuum. Assuming that all three frequencies occur in the transparent spectral region of the material, Kleinman symmetry can be applied, and all three second-order susceptibilities will have the same value, 
Here we have used ; = Akz, and the given by
scaling is (4) Note that the irradiance is directly proportional to the modulus squared of the scaled electric field, 1 12. This set of differential equations can be combined to give the following second-order differential equation describing the evolution of the wave at frequency (01:
Note in particular that the evolution of cF, depends only on the modulus of the other two fields and not on their phases. This means that this process will be independent of any phase jitter (i.e., relative coherence) between the two input waves. Although the relative phase of the generated sum frequency will be dependent on the relative phase between the two input fields, the conjugate term in the difference rate equation removes this phase dependence.
An approximate solution to Eq. (5) can be obtained when one field is initially much larger than the other, II2(D = 0)1 >> kl(? = 0)1, and the sum field is initially zero, .3(D = 0) = 0. Then we can ignore any depletion of E 2 and can use the approximation 1kD 2 (0)I tI 2(; = 0)1 >> I1 3 ( )1 and replace Eq. (5) with the second-order linear differential equation
Assuming that 1I 2 (; = 0)| « 1 (i.e., the irradiances are not too large and the phase mismatch is not too small, and hence also effectively neglecting any depletion of El), an integration of Eq. (6) shows that the solution to ,1(0) picks up a phase shift of (1 + (02/(0)l12(; = 0)12 . This corresponds to an effective refractive-index change For most practical applications it is desirable to recover the original frequency completely and have no sum frequency exiting from the device in its switched state. For the single-input-frequency push-pull device proposed in Ref. 4 , to achieve a nonlinear phase shift of 7w/2 in each arm, the fundamental completely recovers for AUL = 2wg. This could be achieved by quasi-phase matching, so that the phase mismatch is now given by Ak = k, + k 2 -k 3 -2w/A, where A is the grating period. 8 ' 9 For the same device to work with the dual frequencies discussed here, it can be seen from Fig. 1 that, for a required nonlinear phase shift of w/2, the signal is completely recovered for AL = w [provided that the probe irradiance is much less than the pump, i.e., IIl(; = 0)1 << I1D2(; = 0)1]. Note that for AkL = 2,w the signal depletion is maximum under the same required phase change.
An alternative device geometry for the dualfrequency cascaded second-order nonlinearity is shown in Fig. 2 . Although it is essentially a Mach-Zehnder interferometer (as is the push-pull device), the pump beam is introduced only into one arm, and hence the nonlinear phase change occurs only in the that arm. To switch between a transmitting and a nontransmitting state for o0i requires that a w phase difference be induced between the two arms, which in this case will be entirely within the one arm. From Fig. 1 it can be seen that, for a 7r nonlinear phase change, the signal is completely recovered under the conditions AkL = 2wr. The scaled pump power required to induce this phase change is 10 2 (; = 0)12 = 0.38. 
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which is proportional to the irradiance of the second input beam I2. Note that this is also proportional to the usual figure of merit for x( 2 ) materials [X(2)] 2 /n 3 .
For typical all-optical switching devices it is necessary to achieve a nonlinear phase change of the order of wr. For example, in a nonlinear directional coupler, complete switching is obtained for an induced phase shift of 47w, 7 and in the Mach-Zehnder push-pull device proposed in Ref. 4 it is necessary to induce a phase shift of ±+/2 in each arm. These large phase shifts can be obtained with comparatively low optical power levels by operating at a small phase mismatch where the approximations used in the derivation of relation (7) will not be valid. In this case it will be necessary to solve the coupled set of Eqs. (3) directly, either numerically or by employing Jacobian elliptical functions in a similar manner to Ref. 4 .
The set of Eqs. (3) is solved numerically by the Runge-Kutta method, which is a fourth-order method and is well suited to solving a system of differential equations. In the following calculation we have chosen a step size of AkL/500. The results for a phase mismatch of AkL = or and AkL = 2wT are shown in Fig. 1 . will both be present to ensure the correct phase mismatch between the input wavelengths and the sum frequency.
The Mach-Zehnder dual-wavelength switch as shown in Fig. 2 will require some filtering on the output port to block the transmission of &)2-It should be possible to integrate this filtering into the device by a suitable choice of grating on the segment immediately before the exit port (i.e., after the phasematching grating) to couple the light at (02 out of the waveguide so only the (0, frequency is transmitted. There are other potential applications for this device.
One of the inputs could be a clock with evenly spaced pulses that demultiplexes a data stream incident upon the other port. Also, a short pulse in one input could be used to generate a short pulse at another wavelength obtained from a source with longer pulses or continuous wave.
For AlGaAs (with sufficient Al content that the fundamental absorption edge occurs at a short enough wavelength to ensure that there is negligible linear absorption of the sum frequency) the relevant material parameters are estimated for Al = 1.55 Aum and A 2 Al as n 2 -n = 3.5, n 3 = 3.6, and x(2) 300 pm V` [conservatively based on d1 4 gives an estimated power requirement for switching of -14 W. There is ample scope for reducing these power levels by phase matching using domain reversal or compositional gratings, by enhancing the nonlinearity with asymmetric quantum wells, or by operating further from the band edge (e.g., by using a higher Al content) to reduce the dispersion in the linear refractive index. These estimated power levels still compare favorably with switching irradiances of -5 GW cm-2 for devices based on thirdorder effects in the same material." Whereas the above description of the nondegenerate cascaded nonlinearity has been given by using the sum frequency as the intermediate state, a similar process also exists for which the intermediate state is the difference frequency between the two initial inputs, followed by a frequency summation to regain the original frequency, albeit phase shifted. It should also be noted that frequency is not the only method of differentiating the two input waves and that the above analysis will also apply for two beams of the same frequency but with orthogonal polarizations. Indeed, for the example given above, with similar wavelengths for pump and probe, it may be a more desirable method to operate with the pump in the TM mode (thus avoiding degenerate cascaded effects) and with the probe in the TE mode. 
